at the TCRG (Roth et al., 1992a) , TCRj3 (J. F. M. and M. G., unpublished data), and immunoglobulin loci (Schlissel et al., 1993; Ramsden and Gellert, 1995) . Broken signal ends observed at these loci are blunt and contain intact signal sequences that are phosphorylated at their 5' ends (Roth et al., 1993; Schlissel et al., 1993) . A convenient system for studying these DSBs is the pre-B cell line 103/BCL-2 (Chen et al., 1994) , which has been transformed by a temperature-sensitive Abelson virus. When these cells are cultured at high temperature, formation of a large number of signal ends is induced. After return to the permissive (low) temperature, signal joints are formed, indicating that broken signal ends are indeed the precursors to signal joints (Ramsden and Gellert, 1995) .
Broken coding ends were first detected in mice carrying the severe combined immunodeficiency (scid) mutation (Roth et al., 1992b) . These ends were covalently sealed in a hairpin structure. Coding ends have been more difficult to detect in the DNA of wild-type mice, presumably because coding joint formation is much faster than signal joint formation, so that coding ends are quickly consumed (Zhu and Roth, 1995; Ramsden and Gellert, 1995) . However, a very low level of hairpin coding ends is detected in the 103/BCL-2 cell line (Ramsden and (Coen et al., 1986 ). V(D)J recombination activity requires the expression of the recombination-activating genes RAG7 and RAG2 (Schatz et al., 1989; Oettinger et al., 1990 (Silver et al., 1993; Sadofsky et al., 1993 Sadofsky et al., , 1994 Cuomo and Oettinger, 1994 Figure   1A ) contain residues 384-l 008 of the 1040 amino acids in full-length RAG1 (Sadofsky et al., 1993) . The R2 and MR2 proteins ( Figure  1A ) contain residues l-383 and l-387, respectively, of the 527 amino acids in full-length RAGP (Cuomo andoettinger, 1994; Sadofskyetal., 1994 Figure   2A Figure  5B . Analysis of the cleavage products confirmed that the early-appearing 16 nt product arises from a nick, and the late-appearing 32 nt product is a DNA hairpin.
Furthermore, no open coding ends are detected at any time. Figure  5C gives a graphic representation of the results shown in Figure 5A and demonstrates the rapid appearance of nicks followed by the slower accumulation of hairpins.
To It was shown in Figure  4C that both RAG1 and RAG2 In the first step, RAG1 and RAG2 proteins introduce a nick at the 5' end of the signal sequence.
The 3'-OH of this nicked signal is then coupled to the phosphate in the opposite strand, creating a coding end with a hairpin structure and a blunt, 5'-phosphorylated signal end. Both RAG1 and RAG2 are required for both steps. (Roth et al., 1992b; Zhu and Roth, 1995; Ramsden and Gellert, 1995 may play some direct role in steps such as hairpin opening.
Experimental Procedures
DNA Techniques
Standard DNA techniques were used as described (Ausubel et al., 1989; Sambrooket al., 1989 (Cuomo and Oettinger, 1994) and one N-terminal and three C-terminal Myc epitopes, was inserted into the pTM1FH expression vector as an Ncol-Xhol fragment such that RAG2 expression was under the control of a bacteriophage T7 promoter. Recombinant vaccinia virus was generated by using standard conditions as described (Ausubel et al., 1989 (ATCC number VR-2153) at a ratio of 1:l and a combined multiplicity of infection of 20-40. After 24 hr, the infected cells were harvested and washed twice with PBS, and the cell pellets were frozen in liquid nitrogen and stored at -80°C. Cell pellets were lysed by homogenization in 10 vol of buffer CO (500 mM NaCI, 20 mM Tris-HCI [pH 7.51) followed by the addition of glycerol and Triton X-100 to final concentrations of 10% and O.l%, respectively (buffer CT). Cellular debris were removed by centrifugation at 30,000 rpm for 20 min at 4°C in a Beckman 70.1Ti rotor. The supernatant was loaded onto an anti-FLAG column (M2-agarose, IBIIKodak) and washed with 5 column volumes of buffer CT. The RAG2 protein was eluted in buffer CT containing 100 wglml FLAG peptide (IBl/Kodak). The RAG2-containing fractions were pooled and brought to 10 mM imidazole and 2 mM b-mercaptoethanol (buffer I). This sample was then purified on a NP+-Sepharose column as described .
Cleavage Assays The following oligonucleotides were used in the cleavage assays: the 12-signal substrate DAR39 (5'GATCTGGCCTGTCTTACACAGTGC TACAGACTGGAACAAAAA CCCTGCAG-3') annealed to its complementary strand DAR40, the 23-signal substrate DG61 (5'.GATCTGGC-CTGTCTTACACAGTGGTAGTACTCCACTGTCTGGCTGTACAAAAAC-CCTGCAG3') annealed to its complementary strand DG62, and the nonspecific oligonucleotide FM1 17 (5'-GATCTGGCCTGTCTTAGGTCA-ATGCTGTAGAACTCGTCCTGTACCTGCAG-3') annealed to its complementary strand FM116. The oligonucleotides DAR39, DG61, and FM1 17were radiolabeled. Prenicked substrateswere made by annealing the radiolabeled oligonucleotide DAR42 (5'-GATCTGGCCTGTCTTA-3') to DAR40 and DGlO (S-CACAGTGCTACAGACTGGAACAAAAACCCT-GCAG-3'), DG62 and DG4 (5'~CACAGTGGTAGTACTCCACTGTCT-GGCTGTACAAAAACCCTG CAG-3') or FM116 and FM115 (5'-GGT-CAATGCTGTAGAACTCGTCCTGTACCTGCAGZY).
The la-signal substrate containing a nick in the bottom strand was made by annealing the radiolabeled oligonucleotide DAR39 to DG9 (L+CTGCAGGGllTfTGT-TCCAGTCTGTAGCACTGTG-3') and DAR49 (5'.TAAGACAGGCCAG-ATC-3'); DAR49 was 5' phosphorylated using T4 polynucleotide kinase (New England Biolabs) was replaced by 100 ng of RAG1 (384-1008) and MBP-RAG2 by 5 ng of RAG2 expressed in the vaccinia virus expression system. Reaction mixtures were incubated for 45 min at 37°C (unless stated otherwise).
Negative controls in the experiments of Figures 2, 3,4A, and 6A contained the same constituents but no RAG1 or RAG2 protein. After addition of 0.1% SDS, 4 ~1 of the reaction mixture was used for native gel electrophoresis.
Samples were separated on a 15% polyacrylamide gel in TBE, and products were visualized by autoradiography.
For markers, we used the 16-mer DAR42 annealed to its complementary strand DAR49, and the 32-mer hairpin DAR41 (5'. GATCTGGCCTGTCTTATAAGACAGGCCAGATC-3').
For analysis by denaturing gel electrophoresis, 2 ~1 of formamide loading dye (96% formamide, 20 mM EDTA, 0.1 mglml xylene cyanol XFF, 0.1 mglml bromophenol blue) was added to 2 nl of the reaction mixture, and samples were heated to 95% for 2 min and separated on 12.5% polyacrylamide gels in TEE-urea. Products were visualized by autoradiography and quantified with a phosphorimager (Molecular Dynamics).
For the 2-dimensional gel electrophoresis experiment of Figure 58 , aliquots taken at selected times from the time course experiment of Figure 5A were first electrophoresed in a 0.8 mm thick 12% polyacrylamide gel under native conditions. Each lane was cut out, equilibrated briefly (5-10 min) in 1 x TBE, 7 M urea, and laid perpendicular to the direction of electrophoresis on a 1.5 mm thick 12.5% polyacrylamide denaturing gel. To confirm the relative positions of each species, a 16 bp single-stranded DNA marker (DAR42) and a 32 bp hairpin marker (DAR41) were loaded in parallel lanes during electrophoresis of the denaturing dimension.
Products were visualized by autoradiography. Cleavage experiments on plasmid substrates were carried out in the same way as the oligonucleotide cleavage assay, but 20 ng of plasmid pMS319 was used instead of the oligonucleotide substrate. DSBs were detected by LMPCR as described . We performed 25 cycles of PCR, resulting in a detection limit of approximately 0.001% of the input DNA.
